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Abstract The review summarises recent advances
towards a greater comprehensive assessment of microbial
diversity in aquatic environments using the fatty acid
methyl esters and phospholipid fatty acids approaches.
These methods are commonly used in microbial ecology
because they do not require the culturing of micro-organ-
isms, are quantitative and reproducible and provide valu-
able information regarding the structure of entire microbial
communities. Because some fatty acids are associated with
taxonomic and functional groups of micro-organisms, they
allow particular groups of micro-organisms to be distin-
guished. The integration of fatty acid-based methods with
stable isotopes, RNA and DNA analyses enhances our
knowledge of the role of micro-organisms in global nutri-
ent cycles, functional activity and phylogenetic lineages
within microbial communities. Additionally, the analysis
of fatty acid profiles enables the shifts in the microbial
diversity in pristine and contaminated environments to be
monitored. The main objective of this review is to present
the use of lipid-based approaches for the characterisation of
microbial communities in water columns, sediments and
biomats.
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Introduction
Micro-organisms, including bacteria, archaea, protists and
fungi, dominate waters, sediments and biomats in terms of
their abundance and biomass. They represent a large and
diverse pool of species and exhibit a vast array of meta-
bolic functions. Some of them are key players in biogeo-
chemical processes (Cotner and Biddanda 2002; Falkowski
et al. 2008), participate in controlling water quality
(Fonseca et al. 2001; Yu et al. 2009) and are responsible for
the degradation of organic pollutants released in the envi-
ronment (Ma¨nnisto¨ et al. 2001; Chinalia and Killham 2006;
Slater et al. 2008). In the current context of global change,
detailed knowledge about the microbial diversity, specific
functions and ecology of micro-organisms that inhabit
water columns, sediments and microbial biomats is needed
(Duffy and Stachowicz 2006).
Over the last two decades, the field of microbial ecology
has seen tremendous progress and a wide variety of
methods that use signature lipid biomarkers (SLB) and
nucleic acids have been developed for describing and
characterising the functional and phylogenetic diversity of
micro-organisms (Frostega˚rd et al. 1993; Frostega˚rd and
Ba˚a˚th 1996; Zinger et al. 2012). The advent of such
approaches has enabled microbial communities to be
studied with greater precision in comparison with tradi-
tional techniques. Conventional methods that rely on the
culturing of micro-organisms do not describe entire com-
munities because they allow only about 0.25 and 2 % of
total microbial population in freshwater and sea water to be
isolated, respectively (Amann et al. 1995; Bernard et al.
2000).
Several unique classes of lipids, including steroids, di-
glycerides, triglycerides, respiratory quinines, poly-b-hy-
droxyalkanoate, phospholipid fatty acids, sphingolipids and
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hydroxyl fatty acids, can be used as signature lipid bio-
markers (White and Ringelberg 1997). SLBs such as fatty
acid methyl esters (FAMEs) and phospholipid fatty acids
(PLFAs) are routinely used for the assessment of the
microbial community structures of waters, sediments and
biomats. PLFAs have a great potential to be biomarkers
because the analysis of their pattern allows important
attributes of microbial communities to be measured: viable
biomass, nutritional/physiological status and microbial
community structure (Zelles et al. 1994; Morgan and
Winstanley 1997; White and Ringelberg 1997). The
applicability of PLFAs for such studies results from their
important features. Phospholipids are essential components
of cell membranes, break down quickly after cell death, do
not exist in storage lipids and anthropogenic contaminants
and also have a high natural turnover rate (Findlay 1996;
White et al. 1997). In addition, the sum of the fatty acids of
a bacterial (15:0, 15:0 iso and anteiso, 16:0 iso, 16:1x9,
16:1x7t, 17:0 iso and anteiso, 17:0, 17:0cy, 18:1x7,
19:0cy) and fungal origin (18:2x6, 18:3x3, 18:3x6) may
be used to calculate the biomass in environmental samples
(Frostega˚rd and Ba˚a˚th 1996).
Fatty acid methyl esters analysis includes all of the
saponifiable lipids that are present in a sample. The dis-
advantage of this method is the fact that FAMEs are
derived from both living and dead cells and from all
organisms that exist in environments that are tested.
Despite these limitations, FAME analysis has been used to
characterise microbial communities in aquifer environ-
ments and sediments in some studies (Elvert et al. 2003;
Knief et al. 2003; Dias et al. 2009). Consequently, PLFA
analysis is generally preferred for microbiological studies
of such environments (Salomonova´ et al. 2003; Harji et al.
2010; Pratt et al. 2012).
In order to get more detailed information about micro-
bial communities, lipid biomarkers are often used in
combination with other measurements. It has been dem-
onstrated that the use of the stable isotope probing (SIP) of
RNA, DNA and PLFA biomarkers allows active members
of microbial community to be identified and permits the
phylogenetic lineages and functional activity of the
microbial community structure to be established (Webster
et al. 2006). Isotope ratios of PLFAs allow the organic
matter sources that are utilised by bacteria to be studied
(Boschker and Middelburg 2002) and the incorporation of
fossil carbon into the microbial biomass to be investigated
(Wakeham et al. 2006). PLFA analysis when used in
conjunction with carbon isotope signature elucidates the
carbon-cyclic pathways of bacteria and can indicate the
potential carbon substrates for their metabolism (Boschker
and Middelburg 2002; Holmer et al. 2004; Zhang et al.
2005; van den Meersche et al. 2009). In addition, PLFA
analysis has been used to assess the response of microbial
communities to physicochemical parameters of the envi-
ronment and anthropogenic contaminants (Bittkau et al.
2004; Zhukova 2005).
The aims of this review are as follows: (1) an overview
of lipid-based methods for analysing microbial communi-
ties in waters, sediments and microbial mats; (2) presen-
tation of research results and (3) emphasising the need to
combine lipid analyses with complementary methods for
the characterisation of microbial communities.
Microbial lipids
Lipids are a structurally diverse class of molecules that
have a very important, functional role in the metabolism of
micro-organisms. Membrane lipids are divided into glyc-
erophospholipids, sphingophospholipids, sphingo- and
glyceroglycolipids according to backbone structure (Dow-
han and Bogdanov 2002). In respect of chemical structure,
phospholipids are amphiphatic molecules that contain both
a polar head group and lipophilic region and generally have
two acyl chains with 14–20 atoms of carbon. They are
classified into ester-linked and ether-linked fatty acids. The
first are main components of bacterial membranes, whereas
the second ones are prevalent in the membranes of archaea
(Green and Scow 2000; Lombard et al. 2012; Poerschmann
et al. 2012).
Bacterial phospholipids typically contain saturated and
monounsaturated fatty acids. Polyunsaturated fatty acids
are rare and occur mostly in marine psychrophiles and
cyanobacteria. The fatty acid structure and the portion of
saturated, unsaturated, branched and cyclopropane fatty
acids in individual phospholipids influence the fluidity and
permeability of bacterial cytoplasmatic membranes
(Dowhan and Bogdanov 2002; Denich et al. 2003; Li et al.
2007).
Lipid analysis from environmental samples consists of
recovering lipids by extraction in organic solvents followed
by analysis using high-resolution fused silica gas chroma-
tography (Kennedy 1994; Kaur et al. 2005). For PLFA
analysis, polar lipids have to be separated using silica
solid-phase extraction columns with methanol. Next,
phospholipids are converted into fatty acid methyl esters.
An internal standard (mainly 19:0 fatty acid) is used to
calculate individual fatty acid concentration. In the FAME
approach, all of the isolated fatty acids that originated from
all of the cell lipids are subjected to methanolysis and
converted into methyl esters. The final products are iden-
tified using the computer program The Sherlock Microbial
Identification System (MIDI, Inc., Newark, DE) by com-
paring their retention times with the retention times of
bacterial acid standards. Unfortunately, this system only
allows identification of fatty acids with 9–20 carbons in
acyl chain. For the detection of longer fatty acids (up to
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30C) and the identification of fatty acid isomers, gas
chromatography coupled with mass spectrometry (GC-MS)
must be used (Hu et al. 2006; Dickson et al. 2009).
The PLFA profiles that are obtained from the environ-
ment can be analysed using two approaches. The first is
based on the analysis of selected fatty acids that are known
as biomarkers in order to detect the particular micro-
organisms or microbial group in samples being tested and
indicates any changes within the groups (Frostega˚rd and
Ba˚a˚th 1996). In the second approach, fatty acid patterns
(fingerprinting) are subjected to multivariate statistical
methods in order to simplify the data. The most commonly
used method is principal component analysis (PCA) that
visualises the differences in the fatty acid composition of
samples being tested. Moreover, when the PCA is overlaid
with the loadings of specific fatty acids, it is possible to
discern the fatty acids that significantly influence the
structure of microbial communities. Fingerprinted data can
be used to determine the environmental factors that are
strongly correlated with the microbial community struc-
ture. Ordination analyses such as redundancy analysis or
canonical correspondence can be applied to do this (Green
and Scow 2000).
The results of many studies have proven the usefulness
of fatty acid-based methods in characterising the structure
of soil and water microbial communities. However, this
approach has some limitations since the interpretation of
PLFAs that are indicative of different microbial groups is
not straightforward and should be performed with caution.
Not all PLFA peaks can be related to taxonomic groups,
and signature fatty acids may be present in various micro-
organisms. For example, the PLFAs 17:0cy and 19:0cy,
which are known to be indicators of gram-negative bacte-
ria, are also present in some gram-positive bacteria
(Schoug et al. 2008). The PLFA 16:1x5, a marker of
mycorrhizal fungi (Olsson 1999), was also found in bac-
teria (Nichols et al. 1986). Moreover, the fatty acid com-
position may be influenced by the physiology and
nutritional status of micro-organisms. For example, an
analysis of PLFA profiles showed that cyclopropyl fatty
acids were synthesised by gram-positive bacteria from the
genus Alicyclobacillus during peat heating (Ranneklev and
Ba˚a˚th 2003). It must be also underlined that fatty acid-
based methods have a low level of taxonomic resolution. In
order to overcome this problem, they are often combined
with an analysis of nucleic acids isolated directly from the
same samples.
Microbial diversity in water columns
Lipid-based methods have been used to study the biomass,
activity and diversity of bacteria and archaea that exist in
many types of aquatic systems (Sundh et al. 2005; Espinosa
et al. 2009; Taipale et al. 2009). In comparison with solid
environments, the use of PLFA/FAME analysis has prob-
lems that are connected with a low bacterial density in
water, which has been estimated to be from 7 9 104 to
2.2 9 107 cells mL-1 (Ma¨nnisto¨ et al. 2001). For example,
based on the phospholipid-derived ether lipid content,
Mancuso et al. (1990) calculated the microbial biomass of
a methanogenic population in the vertical layers in Ace
Lake in Antarctica. They found that the number of bacteria
depended on depth. Methanogens occurred at 17 m
(1 9 108 cells L-1) and were dominant at 20 m (7.4 9 108
cells L-1), and then population density decreased at 23 m
(1.3 9 108 cells L-1). In other studies, Sundh et al. (2005)
studied the abundance and activity of type I and II meth-
ane-oxidising bacteria (MOB) in the water column in three
lakes Ma˚rn, Illersjo¨n and Lillsjo¨n. The high concentration
of 16:1x8c fatty acid indicated the dominance of MOB I,
while low abundance of 18:1x8c showed a very low den-
sity of MOB II. Moreover, the analysis of PLFA profiles
allowed them to observe a seasonal migration of micro-
organisms in all three lakes.
Lipid-based approaches also provide information about
the distribution of bacteria and archaea in particular zones
of reservoirs. For this purpose, apart from FAME and
PLFA methods, the analysis of intact polar lipids (IPLs)
may be used (Biddle et al. 2006; Lipp et al. 2008;
Popendorf et al. 2011). Ertefai et al. (2008) examining the
vertical distribution of bacteria in chemically distinct layers
of a meromictic lake in eastern Massachusetts reported that
bacterial IPLs constituted a major fraction of total IPLs in
the epilimnion, metalimnion, hypolimnion and underlying
sediment. This fraction included the following IPLs that are
attributed to bacteria: diacyl phosphatidylethanolamine
along with its methylated derivatives phosphatidylmethy-
lethanolamine and phosphatidyldimethylethanolamine,
phosphatidylglycerol, diphosphatidylglycerol, phosphati-
dylcholine and glycolipids monoglycosyldiacylglycerol
and glycuronic acid dialkylglycerol. Bacteriohopanepoly-
ols (BHPs) and slight negative inflections of the d13C
values of bacterial PLFAs in the metalimnion indicated a
low contribution of methanotrophs among the metalimnetic
bacteria. In the hypolimnion, dialkylglycerol-phosphatidy-
lethanolamine, 17:0 PLFA and, additionally, dsrAB genes
suggested the presence of sulphate-reducing bacteria
(SRB). Espinosa et al. (2009) found that the same SRB
bacterial group was present not only in oxygen minimum
zones but at all depths of the oceanic water column in
Chile. Based on the PLFA profiling, they suggested that the
vertical distribution of SRB is more homogeneous than was
previously thought. In another study, PLFA analysis in
conjunction with DNA techniques proved the vertical
diversity of bacteria in the polyhumic Lake Mekkojarvi
(Taipale et al. 2009). As was shown by the abundance of
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18:1x7, gram-negative bacteria dominated in epilimnetic
bacterioplankton, whereas Actinobacteria constituted only
a minor fraction of microbial population. It was also
reported that biomass of the MOB I type, expressed as
amount of 16:1x8c and 16:1x5t, was the highest in the
0–0.6- and 1.2–1.8-m water layers. Due to the abundance
of 14:0, they stated that Chlorobium sp. dominated the
anoxic layer where the biomass of microbial PLFAs was
six times higher than in the oxic surface layer.
Phospholipid fatty acid analysis has also been used to
determine whether local primary production or external
carbon inputs support bacterial growth in an area that is
studied. Pace et al. (2007) tested the importance of allo-
chthonous carbon to consumers by adding H13CO3 to
Crampton Lake in the USA. Analysis of the PLFA profiles
revealed that in addition to Cytophaga–Flavobacteria,
diatoms, green algae and dinoflagellates were present in the
pelagic zone, which was indicated by biomarker fatty acids
20:5x3, 18:3x3 and 18:4x3. Moreover, they found that
autochthonous carbon was the dominant source for gram-
positive bacteria, zooplankton biomass and Chaoborus
spp., while gram-negative bacteria incorporated significant
quantities of carbon from terrestrial sources. Selected fatty
acid biomarkers that indicate a different genus, species or
microbial group in waters are shown in Table 1.
Microbial diversity in sediments
Although the subsurface environment represents a sub-
stantial part of the biosphere, little is known about the
procaryotic distribution and community structures in this
habitat. This knowledge is very important in respect of the
major role of micro-organisms in carbon cycling and global
geochemistry (Parkes et al. 1994). It has been estimated
that the number of procaryotic cells in the largely unex-
plored sediments is about 8–35 9 1029, which represents
10–30 % of the total biomass on earth (Whitman et al.
1998); however, their total activity is significantly lower as
compared to the surface sediments (D’Hondt et al. 2002).
Due to complex matrix of organic materials and the overall
low biomass, it is a real challenge to investigate the dis-
tribution, physiology and role of micro-organisms in
nutrient turnover in the marine subsurface. The use of fatty
acid biomarkers has revealed the presence of unique
microbial communities in these habitats (Inagaki et al.
2006; Lipp and Hinrichs 2009).
An analysis of IPLs in subsurface sediments during the
Ocean Drilling Program Leg 201 indicated that the active
portion of the microbial community was dominated by
archaea (Biddle et al. 2006). These results were supported
by study of Lipp et al. (2008), who found that the major
archaeal lipids, such as the diglycosidic derivatives of
archaeol and glycerol dibiphytanyl glycerol tetraether lip-
ids, dominated sediments that were deeper than 0.1 m
below the sea floor. Similarly, on the basis of IPL profiles,
the dominance of archaeal ether lipids in deeply buried
sediments from equatorial Pacific in Peru has been reported
by Lipp and Hinrichs (2009). They also found that bacterial
phospholipids were present only in surface sediments. This
observation was confirmed by Molari et al. (2012), who
studied the subsurface coastal sediments in the Manfredo-
nia Gulf using catalysed reporter deposition fluorescence
in situ hybridisation (CARD-FISH). They showed that
bacteria dominated the first 11 cm below the sediment
surface, and then the community significantly moved
towards archaeal dominance at increasing depths.
In the 1980s, PLFA analysis started to be used to
examine the microbial community structure in estuarine
and marine sediments. David White was the first who used
PLFAs for the description of the structure of microbial
communities in sediments (White 1983). Next, Rajendran
et al. (1992) distinguished six clusters of PLFA profiles
based on the relative proportions of PLFAs, thus proving
the distinctive differences between sampling points within
the sediment of bays (Hiroshima and Aki Nada). Moreover,
they found that the microbial community structure of the
Table 1 Selected fatty acids as biomarkers of different genus, spe-
cies or microbial groups detected in water columns
Genus, species,
microbial group
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areas showed very low percentages of the polyunsaturated
fatty acids that are characteristic of Eukaryota and high
percentages of fatty acids that are typical for bacteria.
Similarly, the dominance of bacteria at both depositional
and non-depositional sites in the North Sea was reported by
Stoeck et al. (2002). An analysis of PLFA profiles showed
a high abundance of Cytophaga–Flavobacterium–Bacte-
roides and Actinomycetes, bacterial groups that are
involved in the degradation of complex macromolecules, at
depositional sites as compared to other sites. Based on the
abundance of trans isomers, they stated that microbial
communities at non-depositional sites were exposed to
higher physiological stress than those from the sediments
of depositional areas. The PLFA approach combined with
the characterisation of small-subunit rRNA genes indicated
a shift in the bacterial community that coincided with the
depth of the sediments of the saline lake in China (Dong
et al. 2006). The authors found that monoenoic PLFAs,
which are characteristic of the Proteobacteria, were pres-
ent in all samples and comprised from 15 to 33 % of total
PLFAs while the content of terminal branched saturated
fatty acids, which are indicative of anaerobic gram-nega-
tive bacteria and Firmicutes, ranged from 5 to 14 % of total
PLFAs. Moreover, the decrease in monoenoic PLFAs was
correlated with an increase in branched PLFA content with
increased depths. These observations proved that Firmi-
cutes dominated the bottom, which was also in accordance
with the oxygen gradient in the pore water in the sediment.
Similarly, Baniulyte et al. (2009) combined PLFA and
terminal restriction fragment length polymorphism (T-
RFLP) of 16S rDNA gene analyses to determine any
changes in the microbial community composition in sedi-
ment from Illinois River applied to soil surface. The ana-
lysis of their data indicated a significant shift in the
bacterial community that resulted from the relative increase
in fungi (18:1x9c and 18:1 x6,9c), actinomycetes (18:0
10Me) and gram-positive bacteria (15:0 iso, 16:0 iso and
16:0 10Me) and a decrease in gram-negative bacteria
(16:1x7c, 17:0cy, 18:1x7c, 19:0cy). Additionally, clone
library analysis revealed an increase in the relative per-
centage of Proteobacteria, Gammatimonadetes and Bac-
teroidetes and a simultaneous decrease in Acidobacteria,
Spirochaetes and Planctomycetes. In other studies, PLFA
analysis supported by epifluorescent microscopy was used
by Kasˇtovska´ et al. (2007) to study the microbial ecology
of subglacial sediments in the Svalbard glaciers. The
combination of these methods allowed the detection of
cyanobacteria and microalgae in four sediments; however,
the diversity of micro-organisms was low. They found no
signature fatty acids for eucaryota with only one exception
for fungal fatty acids. The percentage of signature PLFAs
18:3x3 and 20:3x3 showed that cyanobacteria made up the
highest fraction of the microbial community as their
contribution in PLFA profiles constituted from 28.7 to
81 % of the total PLFAs.
The fact that specific lipids and/or fatty acids reflect the
taxonomic or functional groups of micro-organisms has
been used to detect ammonia-oxidising (AOB) (Saenz et al.
2012), sulphate-reducing bacteria (SRB) (Elvert et al.
2003) and methanotrophs in sediments (Costello et al.
2002; Mills et al. 2010). For example, Saenz et al. (2012)
investigated the presence of anaerobic AOB in the Waquoit
Bay subterranean estuary using two types of ladderane
lipids. The first included an intact phospholipid (PC
monoalkylether) that rapidly degraded after cell death, and
the second were ladderane fatty acids that are likely to
persist for thousands of years following cell death. The
presence of ladderane phospholipid is thought to be an
indicator of viable or recently deceased cells, whereas
ladderane fatty acids provide insight into the historical
distribution of bacteria and their temporal stability. From
the distribution of sediment-bound ladderane phospholipid,
they demonstrated that viable anammox bacteria were
present in three redox transition zones within the subter-
ranean estuary. In turn, the distribution of ladderane fatty
acids indicated that the vertical distribution of anammox
bacteria has been constant over the time period during
which these lipids accumulated. In other studies, FAME
analysis of specific membrane fatty acids combined with a
microscopic examination using fluorescence in situ
hybridisation (FISH) was used to determine the presence
and activity of SRBs that are involved in the anaerobic
oxidation of methane (AOM) in the sediment core (Elvert
et al. 2003). The results indicated that monounsaturated
fatty acids 16:1x7t and 16:1x5c dominated and accounted
for about 50 % of the total fatty acids present in samples
tested. Interestingly, FAME profiles contained a high
amount of cyclic unusual fatty acid 17:0cy x5,6 that was
proposed by authors as chemotaxonomic markers of the
AOM-dependent Desulfosarcina/Desulfococcus species.
An assessment of the natural abundance of d13C and 14C
values of microbial membrane PLFAs allowed Mills et al.
(2010) to detect methanotrophs type II in the sediments and
granitic groundwater in Japan. The analysis of PLFA pro-
files showed that 18:1x8c, a biomarker for this microbial
group, comprised 3 and 18 % of the total PLFAs in anoxic
sediments and granitic waters, respectively. These results
were unexpected since type II methanotrophs are consid-
ered to be obligate aerobes. In another study, Knief et al.
(2003) demonstrated the activity of iron-oxidising bacteria
through an analysis of the incorporation label into FAMEs
that were isolated from sediment taken from an acid mining
lake characterised by a low pH and a high sulphate con-
centration. The presence of 16:1x7c and 16:0 11Me fatty
acids in combination with 16:0 with the strongest labelling
indicated that Leptospirillum ferrooxidans was present in
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the sediment. The fatty acid 16:1x7c, which is typical for
these bacteria, was a minor component in FAME profiles
although it was strongly labelled. This indicated that L.
ferrooxidans made up only a small percentage of the bac-
terial population but that it was the primary producer in the
ecosystem. Weak labelling of 19:0x11,12cy indicated the
presence of other chemolithoautotrophic or heterotrophic
organisms, such as bacteria from the genera Acidithioba-
cillus or Acidiphilium.
Fatty acid-based methods have also been used to
determine the impact of various pollutants on the microbial
community structure. Rajendran et al. (1992) noted the
predominance of anaerobic and gram-positive bacteria,
which was revealed by high proportions of branched
PLFAs at sites that were highly polluted with heavy metals
and various organic chemicals, while aerobic procaryotes
and eucaryotes, as evidenced by large amounts of mono-
unsaturated PLFAs, dominated other less contaminated
sites. Chinalia and Killham (2006) used PLFA and dena-
turing gradient gel electrophoresis (DGGE) profiling to
assess alterations in microbial communities in the 2,4-
dichlorophenoxyacetic acid (2,4-D)-contaminated river
sediments of northeast Scotland. PCA revealed that 2,4-D
caused changes in PLFA profiles that were more pro-
nounced for non-bacterial fatty acids than for signature
bacterial PLFAs. They suggested that in the first sediment,
the main variation in the microbial population was con-
nected with long-chain PLFAs that are characteristic of
dinoflagellates and other planktonic organisms, whereas in
the second one, the shift in PLFA profiles depended on
cyanobacteria and flagellate biomarkers. In addition, they
observed that the abundance of fatty acids 16:1x9, 16:1x7,
16:1x5, 18:1x9 and 18:1x7, which are typical for gram-
negative bacteria, varied in samples that were tested and
resulted from different doses of 2,4-D. Similarly, Widen-
falk et al. (2008) observed that exposure to the pesticides
captan, glyphosate, isoproturon and pirimicarb had only a
slight effect on the bacterial PLFA profiles in the lake
sediments of Lake Erken. Signature lipid biomarkers were
also used by Varadhan et al. (2011) for the detection of
changes within microbial communities in sediments con-
taminated with polychlorinated biphenyls (PCBs) and
exposed to iron. They observed the dominance of De-
halococcoides species in the sediments exposed to a lower
dosage of iron (0.01 g iron per g of dry sediment every
6 months), whereas in sediments with a higher dosage of
iron (0.1 g iron per g of dry sediment every 3 months)
dominated Geobacteraceae and SRB bacteria. In the PAH-
contaminated sediments, Pratt et al. (2012) observed that
apart from non-specific fatty acids, microbial biomarkers
that are characteristic of SRB and other anaerobic bacteria
dominated all of the samples. The obtained data indicated
that PAH contamination did not markedly influence the
distribution of PLFA markers with exception of samples
taken at a greater depth.
Phospholipid fatty acid analysis also allows the sources
of organic matter (OM) in aquifers to be monitored. OM
originates from various terrestrial and marine sources such
as primary production by phytoplankton and benthic mic-
roalgae, higher plants, river run-off, municipal sewage and
industrial contamination in estuarine and coastal sediments
(Hedges et al. 1997). A technique that involves the incor-
poration of stable or radiocarbon isotopes into microbial
PLFAs was used to identify and understand the carbon
sources of organic matter that support bacterial production
(Tolosa et al. 2003; Druffel et al. 2010). Using this
approach, Harji et al. (2010) revealed that terrestrial carbon
accounted for 37–100 % of total organic carbon in sedi-
ments of the harbour in Visakhapatnam. Based on the fatty
acid composition and d13C fatty acids, it has been found
that bacteria within the sediments were dependent on the
marine source of organic matter and mainly utilised a labile
pool of organic matter that was derived from algae (Hu
et al. 2006). In turn, Wakeham et al. (2006) calculated that
6–10 % of the carbon in bacterial PLFAs could have been
derived from petroleum residues, which suggested that
even weathered petroleum might contain components with
sufficient viability to be a carbon source for microbial
biomass production in marsh sediments. Examples of the
fatty acid biomarkers detected in the sediment samples are
presented in Table 2.
Microbial diversity in biomats
Microbial mats are stratified microbial communities that
develop in the environments that are established at the
water and solid interfaces. In studies on biomats, special
attention is focused on the distribution and interaction
between micro-organisms, the colonised surface and the
surrounding environment (Stolz 2000). For example, Di-
jkman et al. (2010) using PLFA approach revealed changes
in the composition and heterogeneity of the microbial
community in various costal microbial mats on the beaches
of the North Sea. The ratio of 16:1x7c over 16:0, fatty
acids 18:1x9c, 18:1x7c, 18:3x6 and 18:3x3 indicated the
presence of cyanobacteria at the tested sites. In turn,
18:4x3 pointed to the presence of diatoms. In another
study, Villanueva et al. (2007) observed the daily migra-
tions of micro-organisms in an intertidal hypersaline
microbial mat in France. They reported that the total
PLFAs that indicated the maximum viable biomass were
the highest at the top of the mat in the morning hours, while
in the afternoon the highest volume was found underneath
the uppermost layers. As indicated by the ratio of cyclo-
propyl fatty acids to monoenoic PLFAs, the microbial
growth was the highest at the top in the morning hours and
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decreased with depth, while in the afternoon the slowest
growth was detected at the top and the middle of the mat.
Moreover, they revealed that gram-negative bacteria
(indicated by the monoenoic PLFAs) dominated in the
morning, while gram-positive bacteria (detected as bran-
ched saturated FAs) were more abundant in the middle and
Table 2 Biomarkers of different genus, species or microbial groups detected in sediments
Genus, species, microbial group Biomarker Study site References
Microeucaryotes Polyunsaturated fatty acids Nakhodka Bay, Vostok Bay, Sea of Japan, Russia Zhukova (2005)
Aerobic procaryotes and eucaryotes 16:1, 17:1, 18:1, 18:2 Nakhodka Bay, Vostok Bay, Sea of Japan, Russia Zhukova (2005)
Aerobic heterotrophic
microeucaryotes
18:1x9, 18:2x6 Little Scioto River, Marion, Ohio, USA Langworthy et al.
(2002)
Proteobacteria Monoenoic PLFA Qinghai Lake, China Dong et al. (2006)
Beggiatoa/Thioploca 16:1x7c, 18:1x7c Gulf of Mexico, USA Li et al. (2007)
Sulphate-reducing bacteria 15:0 anteiso, 15:0 iso,
16:0 10Me
Gulf of Mexico, USA Li et al. (2007)
Sulphate-reducing and other
anaerobic bacteria
17:0, 17:0iso, 17:0 anteiso,
17:0 cy, 19:0 cy, 16:0 10Me
Nakhodka Bay, Vostok Bay, Sea of Japan, Russia Zhukova (2005)
Desulfolobus 17:1x6c (high amounts, up
to 60 %)
Hydrate Ridge NE Pacific Elvert et al. (2003)
Desulfosarcina/Desulfococcus 16:1x5c, 17:0x5,6cy Hydrate Ridge NE Pacific Elvert et al. (2003)




Actinomycetes 18:0 10Me Lower Peoria Lake, USA Baniulyte et al.
(2009)
Methanotrophs type I 16:1x8 Lake Washington, USA Costello et al.
(2002)
Methanotrophs type II 18:1x8 Lake Washington, USA Costello et al.
(2002)
Acidithiobacillus ferrooxidans 16:1x5c, 17:1x8c,
17:1x7c anteiso




Lake (ML) 111, Lusatian region, Germany Poerschmann et al.
(2012)
Table 3 Fatty acid biomarkers of genus and microbial groups used for assessment of biodiversity of microbial mats
Genus, microbial group Biomarker Study site References




Lake Taihu, China Kluijver et al. (2012)
Synechococcus sp. 16:1x7c (large
fraction),
14:0, 14:1x10, 16:0





Schiermonnikoog Island, The Netherlands Dijkman et al. (2010)
Calothrix, Nodularia 18:4x3, 18:3x3,
18:2x6c,
16:0, 16:1x7c
Schiermonnikoog Island, The Netherlands Dijkman et al. (2010)
Sulphur-oxidising bacteria 16:1x7c/t, 18:1x7c,
16:0
Gas Hydrates in the Gulf of Mexico Zhang et al. (2005)
Thermus 15:0 iso, 16:0 iso, 17:0 Yellowstone National Park hot Springs,
USA
Osburn et al. (2011)
Methanotrophs type I 16:1x6, 16:1x8 Coal Oil Point seep field, California, USA Ding and Valentine
(2008)
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the deepest layers of the biomat. The dominance of cya-
nobacteria in another hypersaline mat was observed by
Bu¨hring et al. (2009). Cyanobacterial marker fatty acids
16:1x7 and 18:1x9 that decreased in the abundance with
depth occurred in all of the layers that were tested. In
addition to cyanobacteria, they also found the following
groups of micro-organisms—PSB that dominated the
middle layers, SRB that were present at all depths and
archaea, possibly methanogens, that were also present in all
layers. The same bacterial groups with dominance of
cyanobacteria in the high-salinity mats of Abu Dhabi were
also reported by Scherf and Rullko¨tter (2009).
Lipid biomarker analysis integrated at a ratio of 13C/12C
and 16S rRNA gene sequencing was used to demonstrate the
composition and metabolic activity of Beggiatoa mats in
sulphide-rich marine sediments in the Gulf of Mexico
(Zhang et al. 2005). The distribution of 16:1x7c (53.6 %),
16:1x7t (12.8 %), 16:0 (8.3 %) and 18:1x7c (16.6 %) in the
PLFA profiles suggested the dominance of sulphur-oxidising
bacteria including Beggiatoa, Thioploca and Thiomargarita.
Moreover, they also found other fatty acids (15:0 iso, 15:0
anteiso, 17:0 iso and 17:0 anteiso) that are characteristic of
these bacteria, although each of them comprised less than
1 % of the total PLFAs. The carbon isotope composition of
the biomass and lipid biomarkers indicated that Beggiatoa
grew on crude oil or its intermediates from microbial deg-
radation and did not use methane as a carbon substrate. The
selected fatty acid biomarkers that were detected in the
microbial mats are presented in Table 3.
Conclusion
Fatty acid-based methods offer quick and inexpensive ways
of assaying the biomass and composition of microbial
communities in aquatic environments. The advantages of
these methods are related to the fact that lipids are
extracted directly from an environmental sample and are
both quantitative and highly reproducible. Many studies
proved their applicability for measurements of the biodi-
versity and distribution of bacteria and archaea in waters,
sediments and mats. Moreover, stable isotope-labelled fatty
acids or lipids can be used to assess the external carbon
inputs on bacterial growth. Despite these advantages, fatty
acid-based techniques have limitations. The analysis of
microbial diversity can be not accurate and precise since
most fatty acids are present in many taxonomic microbial
groups. Therefore, fatty acid profiling provides a low tax-
onomic resolution and is mainly used for the detection of
selected microbial groups (cyanobacteria, SRB, MOB I and
MOB II). Due to these limitations, there is a need to
combine fatty acid-based methods with molecular tech-
niques that require nucleic acid extraction and further
analysis. Because these methods have different strengths
and weaknesses, they complement one another.
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